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A B S T R A C T

Purpose
Human epidermal growth factor receptor 2 (HER2, ERBB2)–activating mutations occur in 2% of lung
cancers. We assessed the activity of ado-trastuzumab emtansine, a HER2-targeted antibody-drug
conjugate, in a cohort of patients with HER2-mutant lung cancers as part of a phase II basket trial.

Patients and Methods
Patients received ado-trastuzumab emtansine at 3.6 mg/kg intravenously every 3 weeks until
progression. The primary end point was overall response rate using Response Evaluation Criteria in
Solid Tumors (RECIST) version 1.1. A Simon two-stage optimal design was used. Other end points
included progression-free survival and toxicity. HER2 testing was performed on tumor tissue by next
generation sequencing, fluorescence in situ hybridization, immunohistochemistry, and proteinmass
spectrometry.

Results
We treated 18 patients with advanced HER2-mutant lung adenocarcinomas. The median number of
prior systemic therapies was two (range, zero to four prior therapies). The partial response rate was
44% (95% CI, 22% to 69%), meeting the primary end point. Responses were seen in patients with
HER2 exon 20 insertions and point mutations in the kinase, transmembrane, and extracellular
domains. Concurrent HER2 amplification was observed in two patients. HER2 immunohisto-
chemistry ranged from 0 to 2+ and did not predict response, and responders had low HER2 protein
expression measured by mass spectrometry. The median progression-free survival was 5 months
(95% CI, 3 to 9 months). Toxicities included grade 1 or 2 infusion reactions, thrombocytopenia, and
elevated hepatic transaminases. No patient stopped therapy as a result of toxicity or died on study.

Conclusion
Ado-trastuzumab emtansine is an active agent in patients with HER2-mutant lung cancers. This is
the first positive trial in this molecular subset of lung cancers. Further use and study of this agent are
warranted.

J Clin Oncol 36:2532-2537. © 2018 by American Society of Clinical Oncology

INTRODUCTION

Human epidermal growth factor receptor 2
(HER2, ERBB2)–activating mutations occur in 2%
of lung cancers.1-3 These mutations are trans-
forming in lung cancer models and result in kinase
activation, conferring some in vitro sensitivity to
trastuzumab.4,5 An earlier generation of studies of
trastuzumab in lung cancers selected patients on the
basis of HER2 protein expression by immunohis-
tochemistry (IHC). Results were disappointing.6-11

The HER2 tyrosine kinase inhibitors dacomitinib,

afatinib, and neratinib have produced some re-
sponses in patients with HER2-mutant lung can-
cers, but the low response rates of 0% to 19% stalled
further development.12-15 Case series of trastuzu-
mab in combination with chemotherapy produced
higher response rates of up to 50% in patients with
HER2-mutant lung cancers.16,17 However, it is not
possible to ascertain the contribution of trastuzu-
mab because it was always combined with active
chemotherapeutic agents. Despite the plethora of
agents targeting HER2 in patients with breast
cancers, there is no approved targeted therapy for
patients with HER2-mutant lung cancers.
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Ado-trastuzumab emtansine (also known as T-DM1) is
a HER2-targeted antibody-drug conjugate linking trastuzumab with
the antimicrotubule agent emtansine and is an approved medicine
for patients with HER2-amplified or -overexpressing metastatic
breast cancers.18 Response to ado-trastuzumab emtansine has been
reported in a patient with HER2-mutant lung cancer.19 We hy-
pothesized that HER2-activating mutations in lung cancers, rather
than IHC, can lead to cellular signal dependence on this pathway
that may result in preferential binding and internalization of ado-
trastuzumab emtansine to produce antitumor response. We re-
port the primary results from a cohort of patients with HER2-
mutant lung cancers treated as part of a phase II basket trial of
ado-trastuzumab emtansine in patients with HER2-mutant or
-amplified cancers.

PATIENTS AND METHODS

This was a single-center, investigator-sponsored, phase II basket trial of
ado-trastuzumab emtansine at Memorial Sloan Kettering Cancer Center in
New York (ClinicalTrials.gov identifier: NCT02675829). This study was
approved by the Memorial Sloan Kettering Institutional Review Board, and
informed consent was obtained from each patient in accordance with the
precepts of the Helsinki Declaration. Patients with stage IV or recurrent
HER2-mutant lung cancer were eligible for this cohort. Other cohorts of
this basket trial not reported in this article included patients with HER2-
amplified lung, bladder, and other solid tumors, as illustrated by the
schema in Appendix Fig A1 (online only). HER2 mutation was identified
through next-generation sequencing (NGS) at a Clinical Laboratory
Improvement Amendments–certified laboratory,20,21 including exon 20
insYVMA, insGSP, or insTGT; single–base pair substitutions L755A,
L755S, V777L, V659E, or S310F; or other likely activating mutations.
Other inclusion criteria included age 18 years or older; Karnofsky per-
formance status of $ 70%; measurable disease by Response Evaluation
Criteria in Solid Tumors (RECIST) version 1.1; and adequate left ven-
tricular, bone marrow, and hepatic function. Patients were eligible re-
gardless of whether they were treatment naı̈ve or had received prior
anticancer or other HER2-targeted therapy, including trastuzumab.

All patients received ado-trastuzumab emtansine 3.6 mg/kg by in-
travenous infusion every 21 days until disease progression or unacceptable
toxicity. Physical examination and safety assessments were performed
every 3 weeks. Tumor assessments using contrast-enhanced computed
tomography of the chest, abdomen, and pelvis were performed at baseline,
week 6, and week 12, and then every 12 weeks thereafter until disease
progression. Brain imaging was not routinely performed unless clinically
indicated. Left ventricular ejection fraction measurements by echocardi-
ography or multigated acquisition scan were performed at baseline and
then every 3 months. The primary objective was the determination of
overall response rate (ORR; complete plus partial response rate) of ado-
trastuzumab emtansine according to RECIST version 1.1 as assessed by
investigator. Secondary objectives included assessment of progression-free
survival (PFS) and toxicity according to the National Cancer Institute
Common Terminology Criteria for Adverse Events version 4.1. An ex-
ploratory objective was to examine the molecular associations between
HER2mutations,HER2 amplification, and HER2 protein expression using
different molecular diagnostic assays whenever archival tissue was avail-
able. NGS assessed HER2mutation and amplification, fluorescence in situ
hybridization (FISH) assessed HER2 amplification, and IHC and quan-
titative mass spectrometry assessed HER2 protein overexpression. FISH
was performed using probe sets (PathVysion, Abbott, Chicago, IL; and
HER2 IQFISH pharmDx, Dako, Carpinteria, CA) approved by the US
Food and Drug Administration (FDA) and defined as HER2/CEP17
ratio $ 2.0.12,22 HER2 protein by IHC was assessed using the 4B5 Ven-
tana antibody (Ventana, Tucson, AZ). Quantitative HER2 protein by

selected reaction monitoring mass spectrometry on formalin-fixed,
paraffin-embedded tissue was performed using methods previously vali-
dated in breast cancers, with $ 740 amol/mg as the cutoff for high HER2
expression.23

Statistical Considerations
For each cohort of the basket trial including HER2-mutant lung

cancers, a Simon two-stage optimal design was used to determine whether
ado-trastuzumab emtansine has sufficient activity to warrant further
development in each cohort. Target accrual was a minimum of seven
patients (stage 1) and a maximum of 18 patients (stage 1 and 2) in each
cohort. The primary end point was best confirmed ORR per RECIST v1.1
as assessed by investigator. The Simon’s optimal two-stage design is used
with a multiple testing adjusted type I error rate for each cohort. For
a targeted agent where higher response rates are expected, a true ORR of
# 10% will be considered unacceptable (null hypothesis), whereas a true
ORR of$ 40%will merit further study (alternative hypothesis). In the first
stage, seven patients were accrued; if there were no responses observed at
interim analysis of the seven patients in a particular cohort, the cohort
would be closed. Otherwise, 11 additional patients would be accrued for
a total of 18 patients. For the overall trial, the null hypothesis would be
rejected for each cohort separately if at least five responses were observed in
each cohort. This design controls type I error rate at 2.7% and generates
89% power for detecting active cohorts. The overall family-wise error rate
at the study level was , 10%. The exact 95% CI for ORR was calculated
using the Clopper-Pearson method. PFS time was estimated using the
Kaplan-Meier method. Follow-up time was calculated from the start of
treatment to the most recent patient follow-up assessment.

RESULTS

Patients
We accrued a cohort of 18 patients with metastatic HER2-

mutant lung adenocarcinomas between March and December
2016. The median follow-up time was 10 months. Sixteen patients
(89%) were identified through MSK-IMPACT (Memorial Sloan
Kettering Cancer Center, New York, NY) NGS at Memorial Sloan

Table 1. Patient Characteristics

Characteristic No. of Patients (%)

Total patients treated 18 (100)
Median age, years (range) 64 (47-74)
Female 13 (72)
Smoking status
Former smoker 11 (61)
Never-smoker 7 (39)

Karnofsky performance status
90% 7 (39)
80% 8 (44)
70% 3 (17)

Histology, adenocarcinoma 18 (100)
Median No. of lines of prior systemic therapy (range) 2 (0-4)
0 prior line 3
1 prior line 5
2 prior lines 4
3 prior lines 3
4 prior lines 3

Prior HER2-targeted therapy 9 (50)
Neratinib 7 (39)
Afatinib 2 (11)
Trastuzumab 2 (11)
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Kettering Cancer Center.21 Patient characteristics are listed in
Table 1. The median number of lines of prior systemic therapy was
two (range, zero to four prior lines), and 50% of patients had
received prior HER2-targeted therapy including neratinib, afatinib,
and trastuzumab.

Clinical Activity and Safety
The ORR (all partial and confirmed responses) was 44% (95%

CI, 22% to 69%), as summarized in Figure 1, thus rejecting the null
hypothesis. Three (17%) of 18 patients had progression of disease
as best response. The median PFS for all patients was 5 months
(95% CI, 3 to 9 months), and median PFS for the responders was
6 months (95% CI, 4 months to not reached; Appendix Fig A2,
online only). The longest PFS observed (11+ months) was in
a patient with stable disease as best response with 227% tumor
shrinkage (Fig 2). The median number of cycles of ado-
trastuzumab emtansine administered was six (range, two to
19 cycles). The median duration of response was 4 months (range,
2 to 9 months). The median time to response from start of
treatment was 2 months (range, 1 to 4 months). Of the eight
patients with partial responses, two were previously untreated, and
six were pretreated with two to four prior lines of systemic therapy,
including four patients who received prior HER2-targeted therapy
with neratinib and trastuzumab. One patient had previously
responded to neratinib plus temsirolimus but did not respond to
trastuzumab plus gemcitabine just before study entry. Three other
patients had stable disease on prior neratinib, one of them im-
mediately before study entry. Of the 15 patients who were pre-
treated with prior systemic therapy, six (40%) had responded to
ado-trastuzumab emtansine. Only two patients had active un-
treated brain metastases at enrollment, but both patients had
progression of disease systemically and in the CNS at first response
assessment. Seven patients received prior anti–programmed cell
death 1 immune checkpoint inhibitors, and none responded.

Treatment-related adverse events are listed in Table 2. They
were mainly grade 1 or 2 events, including infusion reactions,
thrombocytopenia, and elevations of hepatic transaminases. Infusion
reactions characterized by mild rigors, chills, pruritus, and wheezing
during treatment occurred in five (28%) of 18 patients. All resolved
by slowing the infusion of ado-trastuzumab emtansine and

administering antihistamines and did not preclude re-treatment.
There were no deaths or grade 4 toxicities on study. There were
no dose reductions or discontinuations as a result of treatment-
related adverse effects.

Biomarker Analyses
All 18 patients had HER2-activating mutations identified by

NGS from their lung cancer tissue specimens. HER2 FISH was
performed on archival specimens from 15 patients, and HER2
protein was assessed by IHC in 16 patients. The results are listed in
Table 3. Of note, responders were seen across HER2 mutation
subtypes, including exon 20 insertions and transmembrane and
extracellular domain point mutations. Concurrent HER2 ampli-
fication was observed in two (11%) of 18 patients, both with
extracellular domain mutations of S310F and S335C, and these two
patients achieved partial response and stable disease, respectively.
HER2 IHC ranged from 0 to 2+ among patients both with and
without a partial response. There was no association between IHC
and response to ado-trastuzumab emtansine. Quantitative mass
spectrometry23 was performed on 11 patients. For the nine patients
with HER2-mutant lung cancers without amplification, HER2
protein levels were low or nondetectable. The two patients with
concurrent HER2 amplification showed high HER2 protein levels.
Of the patients with partial responses, five of six tested by mass
spectrometry showed low levels of HER2 protein, and the one
responder with high HER2 protein had concurrent HER2 gene
amplification. Three of six patients with partial responses showed
increased HER3 expression (Appendix Table A1, online only).

DISCUSSION

In this phase II trial, ado-trastuzumab emtansine produced a 44%
confirmed partial response rate and a median PFS of 5 months in
a largely heavily pretreated population of patients with advanced
HER2-mutant lung cancers; thus, this study met its primary end
point. Furthermore, an additional 39% of patients achieved stable
disease, including durable disease control for up to 11+ months.
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This is an important therapeutic progress in the context of more
than a decade of negative clinical trials targeting HER2 in lung
cancers, with clinical implications for the care of patients with
HER2-mutant lung cancers today as well as shedding light upon
the future of drug development in this area.

Analogous to the history of EGFR-targeted therapy, the initial
development of HER2-targeted therapy in lung cancers focused on
protein expression by IHC.24 This is in part driven by the expe-
rience in breast cancers that trastuzumab binding requires HER2
protein overexpression to elicit antitumor activity through in-
hibition of ligand-independent HER2 signaling, receptor in-
ternalization, and antibody-dependent cell-mediated
cytotoxicity.25,26 HER2 IHC 3+ or HER2 amplification by FISH
is much rarer in lung tumors than in breast cancers (2% v 20%,
respectively). Consequently, clinical trials testing the activity of
trastuzumab in lung cancers were conducted in tumors with lower
levels of HER2 IHC positivity and/or not driven by HER2 sig-
naling. The results of six phase II trials of trastuzumab in IHC
HER2-positive lung cancers were uniformly negative,6-11,24 and

more recent studies of ado-trastuzumab emtansine have again
confirmed that HER2 IHC is not the ideal biomarker in lung
cancers.27,28 Just as the discovery of EGFRmutations eventually led
to a plethora of approved oncogene-targeted therapies trans-
forming the care of patients around the world, HER2-activating
mutations similarly show promise as a therapeutic target.

The low or undetectable levels of HER2 protein expression
confirmed by mass spectrometry among HER2 mutants and re-
sponders to ado-trastuzumab emtansine suggest an alternative
mechanism of trastuzumab binding and internalization of the
antibody-drug conjugate other than through HER2 protein
overexpression. An intriguing finding was the overexpression of
HER3 protein in several responding patients, suggesting a potential
role for dimerization with HER3 among HER2 mutants, possibly
enabling preferential binding and internalization of trastuzumab
through increased phosphorylation and receptor ubiquitination.29

The responses to ado-trastuzumab emtansine seen for the first time
in transmembrane and extracellular domain HER2 mutations also
lend support, as these mutations (V659E and S310F) are known to
be activating dimers.5,30 Consequently ado-trastuzumab emtansine
bound to mutantHER2may be internalized into the cell at a higher
rate compared with the wild-type receptor, regardless of the
quantity of HER2 protein. This hypothesis requires further
mechanistic studies for validation but may potentially open up
a new therapeutic approach of targeting activating mutations with
antibody-drug conjugates. Biomarker analysis also found con-
current HER2 amplification in 11% of HER2 mutants. This small
overlap is consistent with other studies that, when taken together,
suggest that HER2 mutation and amplification are largely separate
therapeutic targets worthy of investigation in the laboratory and
the clinic.22,31 The fact that both mutations and amplifications of
HER2 can be readily identified by NGS speaks for its clinical utility
and huge potential for therapeutic discovery.

Ado-trastuzumab emtansine was well tolerated in our patients
with a comparable adverse effect profile to that seen in patients
withHER2-amplified breast cancers, with the exception of a higher

Table 3. HER2 Biomarker Analysis

NGS Result FISH Result (HER2/CEP17 ratio) IHC Result Mass spectrometry (amol/mg) Partial Response

Exon 20 p.A775_G776insYVMA 1.1 (2.7/2.5) 0 NA Yes
Exon 20 p.A775_G776insYVMA 1.8 (8.1/4.5) 2+ 642 No
Exon 20 p.A775_G776insYVMA NA NA NA No
Exon 20 p.A775_G776insYVMA 1.4 (4.5/3.3) 1+ 586 Yes
Exon 20 p.A775_G776insYVMA 1.9 (5.6/2.9) 1+ 548 Yes
Exon 20 p.G778_P780dup 1.6 (7.6/4.8) 1+ 0 No
Exon 20 p.G778_P780dup 1.8 (4.6/2.5) 2+ 507 Yes
Exon 20 p.G778_P780dup 1.4 (5.8/4.2) 2+ NA No
Exon 20 p.G778-779 insCPG 1.6 (4.3/2.7) 0 NA No
Exon 20 p.G776_V777.VCV NA NA NA Yes
Exon 20 p.G776delinsVC 1.6 (5.7/3.6) 0 205 Yes
Exon 19 p.L755P 1.5 (3.2/2.1) 2+ 434 No
Exon 19 p.L755P NA 0 NA No
Exon 17 p.V659E 1.2 (2.4/2.0) 2+ NA No
Exon 17 p.V659E 1.1 (2.3/2.0) 2+ 688 Yes
Exon 8 p.S310F, amplification fold change 2.8 4.1 (8.4/2.5) 2+ 1,495 Yes
Exon 8 p.S310F 1.8 (3.2/1.8) 0 0 No
Exon 8 p.S335C 2.4 (4.8/2.0) 2+ 902 No

Abbreviations: FISH, fluorescent in situ hybridization; HER2, human epidermal growth factor receptor 2; IHC, immunohistochemistry; NA, not available; NGS, next-
generation sequencing.

Table 2. Treatment-Related Adverse EventsWith Total Frequencies of. 10%,
According to Common Terminology Criteria for Adverse Events Version 4.1

Adverse Event

No. of Patients (%)

Grade 1 Grade 2 Grade 3 Total

Elevated AST or ALT 7 (39) 1 (6) — 8 (44)
Thrombocytopenia 6 (33) — — 6 (33)
Fatigue 5 (28) 1 (6) — 6 (33)
Infusion reaction 2 (11) 3 (17) — 5 (28)
Nausea 6 (33) — — 6 (33)
Weight loss 1 (6) 2 (11) — 3 (17)
Rash, maculopapular 3 (17) — — 3 (17)
Anorexia 1 (6) 1 (6) — 2 (11)
Epistaxis 2 (11) — — 2 (11)
Anemia — 1 (6) 1 (6) 2 (11)

NOTE. There were no grade 4 or 5 adverse events.
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than expected rate of grade 1 or 2 infusion reactions compared with
the experience in breast cancers as noted in the FDA label (28% v
1%, respectively).18,32 The reason for this difference in patients
with lung cancers is unclear, although differences in coding def-
initions and a largely trastuzumab-naı̈ve population may be
contributing factors, and more data from our ongoing pan-cancer
basket trial of ado-trastuzumab emtansine may provide insights. In
all patients, infusion reactions were mild, never required drug
discontinuation, and were easily managed by slowing infusions and
administering antihistamines. Subsequent events were prevented
by prophylactic antihistamine and acetaminophen administration.

Potential limitations of this trial are its small sample size and
that it is a single-arm study from one institution. These potential
shortcomings reflect the real-world challenges we face when
studying less common yet complex molecular subsets of cancers.
Traditional randomized phase II and III trial designs are im-
practical and potentially unnecessary. Basket trials and other novel
approaches with efficient trial design strategies may represent
solutions.33,34 Indeed, the FDA has recently approved the use of
vemurafenib in BRAF V600E–mutant Erdheim-Chester disease on
the basis of results of 22 patients from a basket trial.35,36 Multi-
center collaboration is required to produce larger sample sizes34,35

and adds to the strength of the applicability of results. Because the
patients treated here were heavily pretreated, including prior
HER2-targeted therapies, and suffer from drug-resistant lung
cancers, it is less likely that this cohort of patients with HER2-
mutant lung cancers would be biased toward a more favorable
outcome. The objective response rate of 44% is consistent with
data from breast cancers; however, the median PFS of 5 months in
individuals with HER2-mutant lung cancers is shorter than the
10-month PFS observed in patients with breast cancers.18

As NGS becomes more commonly used in the initial evalu-
ation of lung cancers, moreHER2mutations will be uncovered and
identified earlier in the clinical course. The recent FDA an-
nouncement that MSK-IMPACT and other NGS panels are con-
sidered approved platforms to detect molecular aberrations will
further accelerate NGS use, the identification of HER2 alterations,
and the need for therapies targeting HER2.37,38 The treatment of
individuals with HER2-mutant lung cancers represents a critical
medical need with poorer survival than patients with other on-
cogenic drivers.3,38 The current standard of care is chemotherapy,
with pemetrexed providing the most benefit.39 Although the
benefit from immune checkpoint inhibitors in patients with HER2
aberrations is yet to be defined, it is possible that response rates
may be similarly low with HER2 as in other oncogene-driven
cancers such as EGFR, ALK, and MET exon 14 mutants.40,41

Indeed, none of the seven patients in this study who received
prior anti–programmed cell death 1 inhibitors achieved a response.
Trials are needed to help choose best therapies, best combinations,
and the sequence of targeted and non–HER2-targeted therapies.
Should the results of ado-trastuzumab emtansine in this trial be
replicated, it may represent a new standard treatment of these
patients.

Ado-trastuzumab emtansine is an active agent in patients with
HER2-mutant lung cancers. The success here, in contrast to the
failure of earlier studies of HER2-targeted agents in patients with
lung cancers with inadequate molecular selection, highlights the
need for a comprehensive and precise genotyping both for care and
trial eligibility. This first positive clinical trial in this molecular
subset of lung cancers justifies further studies both of this agent
and others in patients with HER2-mutant lung cancers.
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Maria E. Arcila, Mark G. Kris
Administrative support: Bob T. Li, Zachary T. Olah, Edyta B. Brzostowski,
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Appendix

Advanced Solid Tumor Cancers

• HER2 amplification (fold change  2) on MSK-IMPACT or another
  NGS platform at CLIA laboratory, or FISH (HER2/CEP17 ratio  2.0), or
• Lung cancer with HER2 mutation (cohort 1 only)

Ado-trastuzumab emtansine at 3.6 mg/kg IV
Day 1 every 21 days, until disease progression

by RECIST v1.1 or unacceptable toxicity
For each cohort, enroll 7 patients in stage 1

Response interim analysis
for each cohort

If 0 of 7 responses in
any cohort, that
cohort will close

to accrual

If f responses, enroll 11 additional

patients in stage 2

Cohort 1:
Lung cancers

Cohort 3:
Bladder and urinary

tract cancers

Cohort 4:
Other solid tumors

Cohort 2:
Lung cancers

HER2 mutant HER2 amplified

Fig A1. Basket trial schema. CLIA, Clinical Laboratory Improvement Amendments; FISH, fluorescent in situ hybridization; IV, intravenous; NGS, next-generation
sequencing; RECIST, Response Evaluation Criteria in Solid Tumors.
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Fig A2. Progression-free survival (PFS) of patients with HER2-mutant lung
cancers (N = 18). The median PFS for all patients was 5 months (95% CI, 3 to 9
months), and median PFS for the responders was 6 months (95% CI, 4 months to
not reached).

Table A1. HER2 Biomarker Analysis of Responders

NGS Result
FISH Result

(HER2/CEP17 ratio) IHC Result
Mass Spectrometry HER2

Expression (amol/mg)
Mass Spectrometry HER3

Expression (amol/mg)

Exon 20 p.A775_G776insYVMA 1.1 (2.7/2.5) 0 NA NA
Exon 20 p.A775_G776insYVMA 1.4 (4.5/3.3) 1+ 586 (low) 279 (high)
Exon 20 p.A775_G776insYVMA 1.9 (5.6/2.9) 1+ 548 (low) 214 (high)
Exon 20 p.G778_P780dup 1.8 (4.6/2.5) 2+ 507 (low) 0
Exon 20 p.G776_V777.VCV NA NA NA NA
Exon 20 p.G776delinsVC 1.6 (5.7/3.6) 0 205 (low) 0
Exon 17 p.V659E 1.1 (2.3/2.0) 2+ 688 (low) 199 (high)
Exon 8 p.S310F, amplification fold change 2.8 4.1 (8.4/2.5) 2+ 1,495 (high) 0

Abbreviations: FISH, fluorescent in situ hybridization; HER2, human epidermal growth factor receptor 2; HER3, human epidermal growth factor receptor 3; IHC,
immunohistochemistry; NA, not available; NGS, next-generation sequencing.
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